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ABSTRACT 
THEORY VS. PRACTICE I N  DIRECT EVAPORATIVE ROOF SPRAY COOLING 
J. L. S m i t h ,  M.E., P.E. 
P r e s i d e n t  
S p r i n k o o l  S y s t e m s ,  I n c .  
F l o r e n c e ,  AL 
T h i s  p a p e r  w i l l  examine  i n  d e p t h  t h e  deve lopment  
of  r o o f  s p r a y  c o o l i n g  i n  t h i s  c o u n t r y  and  e l s e w h e r e ,  
t h e  t h e o r y  and p r a c t i c e  o f  r o o f  c o o l i n g ,  and  t h e  
l i m i t s  o f  s y s t e m  a p p l i c a t i o n .  
Whi le  t h i s  r e l a t i v e l y  s i m p l e  method o f  a i r  con- 
d i t i o n i n g  h a s  been  a r o u n d  f o r  some time, and  is 
b e i n g  employed i n c r e a s i n g l y  by l a r g e  U. S .  i n d u s -  
t r i a l  f i r m s ,  i t s  o p e r a t i o n ,  p r i n c i p l e s ,  and  a p p l i -  
c a t i o n ,  b o t h  e m p i r i c a l l y  and p r a c t i c a l l y ,  h a v e  n o t  
been  w i d e l y  d i s c u s s e d .  
The i m p a c t  o f  r o o f i n g  c o n s t r u c t i o n ,  b u i l d i n g  
l o c a t i o n ,  and  i n t e r n a l  and  e x t e r n a l  l o a d  o n  t h e  
e f f e c t i v e n e s s  o f  r o o f  c o o l i n g  w i l l  b e  c o n s i d e r e d .  
Also  d i s c u s s e d  w i l l  be t h e  t h e o r e t i c a l  a n d  a c t u a l  
e f f e c t  o f  r o o f  c o o l i n g  on a  f a c i l i t y ' s  e n e r g y  
c o n s u m p t i o n ,  a n d  on  i n t e r n a l  t e m p e r a t u r e  v a r i a -  
t i o n s  where  t h e r e  is n o  m e c h a n i c a l  a i r  c o n d i t i o n i n g .  
A c o m p l e t e  s u r v e y  o f  most  s t u d i e s  and  f i n d i n g s  
t o  d a t e  w i l l  b e  p r e s e n t e d .  G u i d e l i n e s  f o r  con- 
s i d e r a t i o n  o f  r o o f  s p r a y  c o o l i n g  s y s t e m s  w i l l  be  
d e v e l o p e d  i n c o r p o r a t i n g  ASHRAE methodology .  
INTRODUCTION 
D i r e c t  e v a p o r a t i v e  r o o f  s p r a y  c o o l i n g  s y s t e m s  
a r e  d e s i g n e d  f o r  i n s t a l l a t i o n  o n  t h e  r o o f s  o f  i n d u s -  
t r i a l  and commerc ia l  b u i l d i n g s .  By means o f  a  pro-  
grammable c o n t r o l l e r ,  t h e  s y s t e m  a u t o m a t i c a l l y  a n d  
u n i f o r m l y  d i s t r i b u t e s  v e r y  s m a l l  amounts  o f  w a t e r  
o n t o  t h e  b u i l d i n g ' s  r o o f ,  a n d ,  i n  some s i t u a t i o n s ,  
a  b u i l d i n g ' s  w a l l ( s ) .  
T h i s  i s  done  i n  s u c h  a  f a s h i o n  a s  t o  o p t i m i z e  
t h e  h e a t  d i s s i p a t i o n  q u a l i t i e s  o f  t h e  e v a p o r a t i n g  
w a t e r  f i l m ,  a n d  t h e r e b y  t o  r e d u c e  a i r  c o n d i t i o n i n g  
u s a g e  by t h e  amount p r o p o r t i o n a l  t o  t h e  e x t e r n a l  
l o a d  c o n t r i b u t e d  by t h e  r o o f .  I n  b u i l d i n g s  w i t h o u t  
a i r  c o n d i t i o n i n g .  e v a p o r a t i v e  r o o f  s p r a y  c o o l i n g  
s y s t e m s  w i l l  r e d u c e  t h e  i n t e r i o r  t e m p e r a t u r e  o f  t h e  
f a c i l i t y  by a s  much a s  10°F.  E v a p o r a t i v e  r o o f  s p r a y  
c o o l i n g  s y s t e m s  a l s o  h a v e  a  p o s i t i v e  i m p a c t  on r o o f  
l i f e  and m a i n t e n a n c e ,  as a t t e s t e d  t o  by s e v e r a l  
r o o f i n g  p r o d u c t s  m a n u f a c t u r e r s .  
The r o o f  s u r f a c e  t o  which  t h e  w a t e r  is a p p l . i e d  
may b e  made o f  a n y  t y p e  o f  material, and  may b e  
e i t h e r  f l a t  o r  s l o p e d .  The w a t e r  is d i s t r i b u t e d  on- 
t o  t h e  r o o f  by means o f  a  s e r i e s  o f  c o p p e r  p i p e s  a n d  
low volume s p r a y h e a d s .  
J .  C a r e y  S m i t h  
V i c e  P r e s i d e n t  
S p r i n k o o l  S y s t e m s ,  I n c .  
A t l a n t a ,  GA 
The w a t e r  u s e d  by t h e  s y s t e m  may come f r o m  a l -  
most  any  s o u r c e ;  t y p i c a l l y ,  c i t y ,  w e l l ,  o r  w a s t e  
w a t e r  is u s e d .  The w a t e r  p r e s s u r e  r e q u i r e d  ( 5 0  
p . s . i . )  is low enough t o  p r e c l u d e  t h e  need  f o r  
p r e s s u r e - b o o s t i n g  pumps o r  h o l d i n g  t a n k s .  The tem- 
p e r a t u r e  o f  t h e  w a t e r  is o f  l i t t l e  i m p o r t a n c e ,  a s  
i t  is t h e  l a t e n t  h e a t  r a t h e r  t h a n  t h e  s e n s i b l e  h e a t  
t h a t  d e t e r m i n e s  t h e  c o o l i n g  e f f e c t  o f  t h e  s y s t e m .  
The amount o f  w a t e r  u s e d  by t h e  s y s t e m  is con- 
t r o l l e d  by s p r a y h e a d s  t h r o u g h  v a r y i n g  t h e i r  o r i f i c e  
s i z e s  and s p r a y  a n g l e s ,  by v a r i o u s  f o r m s  o f  tempera-  
t u r e  and c l i m a t e  s e n s o r s ,  and by t h e  c o n t r o l l e r ' s  
s e q u e n c e  c o n t r o l  p a n e l .  
Dur ing  t h e  i n s t a l l a t i o n  o f  t h e  p i p i n g  s y s t e m ,  
t h e  r o o f  membrane s h o u l d  n o t  be  p e n e t r a t e d .  I n  most  
s i t u a t i o n s ,  t h e  s y s t e m  is a t t a c h e d  t o  t h e  r o o f  by 
means o f  b l o c k s  and  p i p e  h a n g e r s  which  a r e  a f f i x e d  
t o  t h e  r o o f  by i n o r g a n i c  a d h e s i v e .  T h i s  p e r m i t s  t h e  
e n t i r e  s y s t e m  t o  be  q u i c k l y  and  e a s i l y  removed from 
t h e  r o o f ,  i f  n e c e s s a r y .  
The r e d u c t i o n  i n  c o o l i n g  l o a d  w i l l  v a r y  f rom 
b u i l d i n g  t o  b u i l d i n g ,  b u t  g e n e r a l l y  is s i g n i f i c a n t  
enough f o r  b u i l d i n g s  w i t h  r o o f  t o  f l o o r  r a t i o s  o f  
1:l t o  1 : 2  and w i t h  r o o f  i n s u l a t i o n  o f  less t h a n  
R-10 t o  w a r r a n t  e x a m i n a t i o n  a n d  c o n s i d e r a t i o n .  
. The l i m i t s  o f  t h e  e f f e c t  o f  a r o o f  s p r a y  c o o l i n g  
s y s t e m  c a n  b e  d e t e r m i n e d  by i s o l a t i n g  t h e  r o o f  ( o r  
w a l l )  i n  q u e s t i o n  i n  a  t y p i c a l  c o o l i n g  l o a d  c a l c u -  
l a t i o n .  T h e  mos t  a c c u r a t e  method employed o f  de-  
t e r m i n i n g  p o t e n t i a l  s a v i n g s  c o n  b e  found  i n  t h e  
c o o l i n g  l o a d  t e m p e r a t u r e  d i f f e r e n t i a l  c a l c u l a t i o n s  
a s  set f o r t h  i n  t h e  1 9 8 1  ASHRAE F u n d a m e n t a l s  Hand- 
book (2) .  W h i l e  t h i s  is q u i t e  a l a b o r i o u s p x e s s ,  it 
y i e l d s  e x c e l l e n t  p r o j e c t i o n s  o f  b e n e f i t s  a n d  c o s t s .  
S i m p l i f i e d  methods  o f  e s t i m a t i n g  c o o l i n g  l o a d  re- 
d u c t i o n s  are p r a c t i c i e d ,  b u t  t h e s e  i g n o r e  t h e  
c h a n g i n g  s o l a r  l o a d  o v e r  t h e  c o u r s e  o f  t h e  day  a n d  
o v e r  t h e  c o u r s e  o f  t h e  c o o l i n g  s e a s o n .  
THERMODYNAMIC PRINCIPLES 
One a t t r a c t i o n  o f  r o o f  s p r a y  c o o l i n g  l i e s  i n  
its c o n c e p t u a l  s i m p l i c i t y .  U s i n g  w a t e r  a s  a 
c o o l a n t  is c e r t a i n l y  n e i t h e r  m y s t e r i o u s  n o r  u n i q u e ;  
a l l  o f  u s  p e r s p i r e ,  and  p h y s i o l o g i c a l l y  d e r i v e  
b e n e f i t  f rom t h i s  e f f e c t .  Moreover ,  most  o f  u s  
h a v e  e x p e r i e n c e d  t h e  c h i l l i n g  e f f e c t  o f  d i r e c t  
e v a p o r a t i v e  c o o l i n g  upon s t e p p i n g  o u t  o f  a  swimming 
p o o l  o r  s h o w e r .  It i s  t h e  a b i l i t y  o f  w a t e r  t o  ab- 
s o r b  a  l a r g e  amount o f  h e a t  d u r i n g  v a p o r i z a t i o n  t h a t  
creates t h i s  c o o l i n g  e f f e c t ,  a n d ,  i n  f a c t ,  is t h e  
b a s i s  f o r  t h e  e f f e c t i v e n e s s  o f  r o o f  s p r a y  c o o l i n g .  
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When water changes from a  s o l i d  t o  a  l i q u i d  
( t h e  Latent Heat of Fusion), t h e  amount of energy 
absorbed is  only e a l o r i e s  per Rrarn. A t  the  o ther  
extreme, when the  l i q u i d  i s  vaporized, the amount of 
heat absorbed i n  the  transformation ( t h e  Latent Heat 
of Vaporization) is 537.7 calories/jiram, o r  7 times 
the  heat  absorbed during fusion.  
Translat ing t h i s  i n t o  more fami l ia r  terms, 
a t  212°F. the  heat  absorbed by 1 pound of water is 
970 Btu ' s ,  o r  8,080 F tu ' s  per gal lon.  A t  lower tem- 
--
peratures  -- f o r  example, 120°F -- the  heat absorp- 
t ion  c h a r a c t e r i s t i c s  of water a r e  amplified during 
a  more gradual change of phase, and t h e  heat  ex- 
change is increased t o  1,025 Btu9s/pound, o r  approx- 
imately 8,538 Btu's per gal lon of water evaporated. 
Rather than confining t h i s  physical  phenomenon 
t o  the  i n s i d e  of c o i l s  and tubes ,  a s  with t r a d i -  
t i o n a l  mechanical a i r  condit ioning,  roof spray 
cooling appl ies  i t  d i r e c t l y  t o  the  l a r g e s t  source 
of ex te rna l  heat  on a  t y p i c a l  1-2 s t o r y  commercial/ 
i n d u s t r i a l  f a c i l i t y  by spraying t h e  roof with a  f i n e  
mist of water and allowing the  water t o  evaporate 
completely. 
The r e s u l t ,  w;th pro2er design and a p p l i c a t i o n ,  
is  t h a t  a roof no longer a c t s  E S  one hugc sol.er heat  
absorpt ion panel.  Ins tead ,  roof spray coo l ing  allows 
a  roof t o  remain a t  o r  below the  ambient temperature. 
This  means t h a t  t h e  heat  load contr ibuted by the  roof 
i s  negated; moreover, a t  c e r t a i n  times of the  day, 
the  roof may a c t u a l l y  absorb heat  from the i n t e r i o r  
of a  s t r u c t u r e  and r e l e a s e  i t  t o  the  ou ts ide .  
As an example, a  10,000 square foot  roof can 
evaporate approximately 1,000 ga l lons  of water over 
the  course of an 8-hour day, o r  8,330 pounds of water.  
Assuming the  lowest conversion va lue  (120°F and 
1,025 B t u ' s ) ,  t h i s  means t h a t  over 8.5 mi l l ion  B L U J  
(8,330 l b s ,  X 1,025 B t u l s / l b )  w i l l  be removed by t h i s  
evaporation on t h e  sur face  of t h e  roof .  
Note, of course,  t h a t  these  numbers do not i m -  
ply t h a t  a l l  of t h i s  heat would have penetrated i n t o  
t h e  bui lding,  i f  un-sprayed. Yuch of t h e  heat  would 
have been absorbed by t h e  roof and roof i n s u l a t i o n  
and/or r e f l e c t e d .  However, i t  should a l s o  be noted 
t h a t  t h i s  heat absorpt ion does have a  d e l e t e r i o u s  
e f f e c t  on t h e  roof s t r u c t u r e  i t s e l f .  
HEAT FLOW 
Heat always flows from a  warmer t o  a  cooler  
environment. Consequently, i n  summer, heat  w i l l  
flow i n t o  a  bu i ld ing ,  while during the  winter ,  
heat w i l l  flow from the  bui lding t o  t h e  ou ts ide .  
Such heat  flow i n  summer w i l l  cause the  temperature 
of the  i n t e r i o r  a i r  t o  r i s e  a s  long a s  i t  i s  not 
removed (through the  use of mechanical a i r  condi- 
t ion ing)  a s  f a s t  a s  i t  flows i n .  
The t o t a l  r a t e  of heat  £ l o x  or heat  gain de- 
pends on t h r e e  f a c t o r s :  
1. The heat  conducting proper t i es  of t h e  
mater ial  through which the  heat i s  passing; 
2. The t o t a l  a r e a  of t h e  mate r ia l  through 
which t h e  heat  i s  flowing; and 
3. The d i f fe rence  i n  temperature between the 
warmer and cooler  s i d e s  of t h e  m a t e r i a l ,  
These f a c t o r s  a r e  expressed i n  t h e  s tandard 
heat  flow c a l c u l a t i o n :  
where q = heat  gain i n  Btu t s /hour  
A = area  
U = conductance 
t 2  - t l  = t h e  d i f f e r e n c e  i n  temperature 
between the  o u t s l d e  and i n s i d e  
sur faces  
COSDUCTASCE 
The i n s u l a t i n g  p r o p e r t i e s  of a  mate r ia l  a r e  
typicall.? re fe r red  t o  a s  i t s  1:-value or  R-factor. 
The U-value s i g n i f i e s  t h e  conductance of heat  
through a  non-homogeneous mate r ia l  (such a s  a  roof)  
i n  terms of Btu ' s  per hour through 1 square foot  of 
t h a t  mate r ia l  (of s p e c i f i e d  t h i c k n e s s )  f o r  a  1  de- 
gree temperature d i f f e r e n t i a l .  
The E-factor ,  or r e s i s t a n c e  f a c t o r ,  is  s i m p l y  
the  inverse  of the  U-value. For example, i f  t h e  U- 
value is 0.20, the  R f a c t o r  is 5.0; a  roof evalua- 
ted a s  R-10 means a  C value of 0 .10.  Yost r o o f s  of 
i n d u s t r i a l  bui ldings have a  U-value of between 0.30 
and 0.10 by design.  A bare metal roof w i l l  have an 
R-factor of 0 ,  while t h i s  same roof with 1-1/16 inch 
of f i b e r g l a s s  i n s u l a t i o n  w i l l  have an R-factor of 
approximately 4.17. 
AREA 
The roof sur face  a rea  of a one or  two s to ry  
bui lding t y p i c a l l y  is t h e  b u i l d i n g ' s  l a r g e s t  source 
of heat  ga in .  This  i s  easy t o  understand by con- 
s i d e r i n g  t h e  example of a  bu i ld ing  with the  dimen- 
s i o n s  of 1 ,000 f t .  long X 1 ,000 f t .  wide by 20 f t .  
high. Fach s i d e  of the  bu i ld ing  c o n s i s t s  of 20,000 
s q .  f t . ,  f o r  a t o t a l  wall a r e a  of 80,000 sq.  f t .  
  ow ever, t h e  roof a r e a  t o t a l s  1 ,000,000 s q .  f t . ,  o r  
12.5 ti.meii a s  much a s  the  t o t a l  wall a r e a .  Further- 
more, the  roof a r e a ,  a s  a  hor izon ta l  plane exposed 
t o  t h e  sky,  is s u b s t a n t i a l l y  more a f f e c t e d  than t h e  
wal l s  by t h e  impact of s o l a r  r a d i a t i o n .  
TE?IPERhTURE DIFFERESTIXL 
The heat  flow through r o o f s  (and wal l s )  de- 
pends on t h e  temperature d i f f e r e n c e  across  the roof 
( o r  wal l )  from o u t s i d e  s u r f a c e  t o  i n t e r i o r  sur face .  
Surface Temperatures. The r a d i a t i o n  inpin-  
ging on the  r o o f ' s  sur face  i s  d i r e c t l y  r e l a t e d  t o  
the  ang le  of t h e  s u n ' s  rays  over t h e  course of t h e  
day. As t h e  sun ' s  rays  h i t t i n g  t h e  b u i l d i n g ' s  roof 
approach an angle of 90°, the  amount of rad ian t  ener- 
gkj i s  maximized. 
ESL-HH-85-09-32
Proceedings of the Second Symposium on Improving Building Systems in Hot and Humid Climates, College Station, TX, September 24-26, 1985
By t h e  same t o k e n ,  t h e  l a t i t u d e  and t h e  t i m e  
o f  t h e  y e a r  a l s o  have  a  b e a r i n g  on  t h e  a n g l e  a t  
which t h e  s u n ' s  r a y s  a r e  h i t t i n g  t h e  r o o f .  
O b v i o u s l y ,  t h e  s o l a r  r a d i a t i o n  s t r i k e s  more 
s q u a r e l y  on t h e  r o o f  a t  t h e  lower  t h a n  a t  t h e  h i z h e r  
l a t i t u d e s .  I n  a d d i t i o n ,  t h e  amount of  r a d i a t i o n  
w i l l  v a r y  a s  t h e  e a r t h  r e v o l v e s  and  c h a n g e s  i t s  o r i -  
e n t a t i o n  ( a n d  t i l t )  i n  r e l a t i o n  t o  t h e  s u n  on  a 
d a i l y / m o n t h l y  b a s i s ,  which r e s u l t s  i n  t h e  v a r i o u s  
s e a s o n s .  
The f a c t  t h a t  t h e  e a r t h  and  a  b u i l d i n g ' s  r o o f  
c h a n g e  t h e i r  o r i e n t a t i o n  t o  t h e  s u n  on a n  h o u r l y  ba- 
s is  c o m p l i c a t e s  t h e  h e a t  f l o w  c a l c u l a t i o n  c o n s i d e r -  
a b l y .  However, f o r  s i m p l e  h e a t  f l o w  c a l c u l a t i o n s ,  
i t  is p o s s i b l e  t o  assume t h a t  t h e  s u n ' s  r a d i a t i o n  
i s  c o n s t a n t .  
Uhat  i s  a l w a y s  c o n s i d e r e d  a c o n s t a n t  i n  b o t h  
a  s i m p l e  and  a  more real is t ic  h e a t  f l o w  c a l c u l a t i o n  
i s  t h e  i n t e r i o r  b u i l d i n g  t e m p e r a t u r e ,  
I n t e r i o r  T e m p e r a t u r e .  The i n t e r i o r  d e s i g n  
t e m p e r a t u r e  is t h a t  t e m p e r a t u r e  a t  which a  f a c i l i t y  
o p e r a t e s  a t  maximum c o m f o r t  and e f f i c i e n c y .  Gener -  
a l l y ,  t h e  d e s i g n  t e m p e r a t u r e  i s  s e t  a t  78OF, a l -  
though some o p e r a t i o n s  may r e q u i r e  much l o w e r  tem- 
p e r a t u r e s  ( s u c h  a s  computer  rooms,  c o l d  s t o r a g e  
a r e a s ,  e t c . ) ,  w h i l e  o t h e r  o p e r a t i o n s  may be  a b l e  t o  
o p e r a t e  a t  i n t e r i o r  t e m p e r a t u r e s  h i g h e r  t h a n  78°F 
( w a r e h o u s e s ,  f o r  e x a m p l e ) .  
STATIC HEAT FLOW CALCULATION - A SIYPLE EXAMPLE 
To show how much h e a t  w i l l  e n t e r  a  b u i l d i n g  
d u r i n g  t h e  c o u r s e  of  j u s t  o n e  h o u r ,  we c a n  con- 
s i d e r  a n  example  o f  a  5 0 , 0 0 0  s q .  f t .  l i g h t  manu- 
f a c t u r i n g  f a c i l i y ,  w i t h  r o o f  c o n s t r u c t i o n  h a v i n g  a  
U-value of  , 2 0 7 .  I f  t h e  t e m p e r a t u r e  o f  t h e  t o p  s i d e  
o f  t h i s  r o o f  is 14n°F,  and t b c  t e m p e r a t u r e  is  78°F 
on  t h e  i n s i d e ,  t h e  amount o f  h e a t  f l o w i n g  t h r o u g h  
t h e  r o o f  i n  one  hour  is ( f r o m  Eq. ( 1 ) ) :  
I f  1 2 , 0 0 0  B t u ' s  e q u a l  1 t o n  o f  m e c h a n i c a l  a i r  
c o n d i t i o n i n g ,  t h e n  i t  would r e q u i r e  53.5 t o n s  o f  a i r  
c o n d i t i o n i n g  t o  d i s p l a c e  t h e  amount of  h e a t  t h a t  en-  
t e r n s  t h e  example f a c i l i t y  i n  o n e  h o u r .  
SOLUTIONS TO HEAT GAIN 
The s o l u t i o n s  t o  h e a t  g a i n  a r e :  1 )  i n c r e a s e  
t h e  r e s i s t a n c e  t o  t h e  h e a t  f l o w  t h r o u g h  t h e  u s e  o f  
a d d i t i o n a l  i n s u l a t i o n  i n  t h e  r o o f ;  2 )  i n c r e a s e  t h e  
amount o f  a i r  c o n d i t i o n i n g ,  e i t h e r  t h r o u g h  a d d i t i o n a l  
t o n n a g e  o r  l e n g t h e n i n g  t h e  "on" t i m e s  t o  pump o u t  
t h e  h e a t  f a s t e r  t h a n  i t  c a n  come i n ;  3) d e c r e a s e  t h e  
t e m p e r a t u r e  d i f f e r e n t i a l  f rom t h e  o u t s i d e  o f  t h e  r o o f  
t o  t h e  i n s i d e  by a d j u s t i n g  o r  a l l o w i n g  t h e  i n t e r n a l  
t e m p e r a t u r e  t o  i n c r e a s e ,  s a y ,  from 78OF t o  85OF; o r  
4 )  d e c r e a s e  t h e  t e m p e r a t u r e  d i f f e r e n t i a l  a c r o s s  t h e  
r o o f  by l e t t i n g  t h e  r o o f  t e m p e r a t u r e  t o  a p p r o a c h  t h e  
a m b i e n t  wet  b u l b  t e m p e r a t u r e  t h r o u g h  t h e  u s e  of a  
r o o f  s p r a y  c o o l i n g  s y s t e m .  
Adding Roof I n s u l a t i o n .  The p u r p o s e  and f u n c -  
t i o n  of  i n s u l a t i o n  is  t o  impede o r  s l o w  t h e  f l o w  o f  
h e a t  f rom t h e  o u t s i d e  s u r f a c e  t o  t h e  i n t e r i o r .  A 
w : l l l  ( o r  r o o f ,  f o r  t h a t  m a t t e r )  w i t h  s u f f i c i e n t  t h e r -  
mal mass would a c t u a l l y  c o m p l e t e l y  b l o c k  t h e  h e a t  
f l o w  f rom t h e  o u t d o o r s .  T h i s ,  however ,  is n e v e r  d o n e ,  
s i m p l y  b e c a u s e ,  s t r u c t u r a l l y  and  e c o n o m i c a l l y ,  i t  
would n o t  make s e n s e .  
Us ing  t h e  p r e v i o u s  e x a m p l e ,  i t  would t a k e  
6 4  f e e t  o f  c o n r e t e ,  o r  2 9  i n c h e s  o f  f i b e r g l a s s  i n -  
s u l a t i o n  i n  t h e  r o o f  t o  c r e a t e  s u f f i c i e n t  r e s i s -  
t a n c e  t o  c o m p l e t e l y  b l o c k  t h e  incoming  h e a t  f l o w  
( o r  a n  R - f a c t o r  o f  62/U-value o f  0 . 0 1 6 ) .  
The e f f e c t  of  i n s u l a t i o n  d u r i n g  t h e  summer 
months i s  not t o  p r e v e n t  a l l  o f  t h e  h e a t  f l o w ,  b u t  
r a t h e r  t o  d e l a y  i t  f rom e n t e r i n g  t h e  b u i l d i n g ' s  i n -  
t e r i o r  f o r  a  p e r i o d  o f  t i m e .  
Y o r e o v e r ,  t o o  much i n s u l a t i o n  i n  a  f a c i l i t y  
w i t h  a  l a r g e  amount o f  o p e r a t i n g  e q u i p m e n t  a n d  ma- 
c h i n e r y  w i l l  s e r v e  t o  t r a p  t h e  i n t e r n a l  h e a t  l o a d  
i n s i d e  t h e  b u i l d i n g ,  c a u s i n g  i n c r e a s e d  s t r a i n  on a i r  
c o n d i t i o n i n g  equipment  and  r e d u c e d  worker  c o m f o r t .  
I n c r e a s i n g  Air C o n d i t i o n i n g  Use. Y e c h a n i c a l  
r e m o v a l  o f  h e a t  t h r o u g h  t h e  u s e  o f  a i r  c o n d i t i o n i n g  
u n i t s  is  a  method t h a t  d o e s  n o t  i n v o l v e  t h e  h e a t  f l o w  
c a l c u l a t i o n  i t s e l f ,  a s  d o e s  t h e  d e t e r m i n a t i o n  of  t h e  
amount o f  a i r  c o n d i t i o n i n g  t o n n a g e  r e q u i r e d  t o  do t h e  
j o b .  ? l e c h a n i c a l  a i r  c o n d i t i o n i n g  i n v o l v e s  t h e  removal  
o f  h e a t  a t  a  r a t e  e q u a l  t o  t h a t  which t h e  h e a t  e n t e r s  
o r  i s  g e n e r a t e d  w i t h i n  t h e  b u i l d i n g .  I n  t h e  a b o v e  
example ,  t h e  amount o f  a i r  c o n d i t i o n i n g  r e q u i r e d  t o  
d i s p l a c e  t h e  h e a t  e n t e r i n g  t h e  b u i l d i n g l y  only t h r o u g h  
t h e  r o o f  would be  o v e r  50  t o n s .  
I n c r e a s i n g  t h e  I n t e r i o r  D e s i z n  T e m p e r a t u r e .  
T h i s  s o l u t i o n  merits l i t t l e  d i s c u s s i o n ,  a s  i t  i s  i m -  
p r a c t i c a l  and u n d e s i r a b l e  i n  most  s i t u a t i o n s .  
Reducing  t h e  Roof S u r f a c e  T e m p e r a t u r e .  The  
f i n a l  s o l u t i o n  would be  t o  r e d u c e  t h e  t e m p e r a t u r e  of  
t h e  r o o f  s o  t h a t  t h e  t e m p e r a t u r e  d i f f e r e n t i a l  a c r o s s  
t h e  r o o f  is  r e d u c e d ,  and  h e n c e  t h e  h e a t  g a i n ,  v i a  t h e  
a p p l i c a t i o n  o f  a  r o o f  s p r a y  c o o l i n g  s y s t e m .  The e f -  
f e c t  o f  1oweri .ng t h e  t o m p e r a t u r e  d i f f e r e n t i a l  from 
62  d e g r e e s  (140°F - 78OF) t o  17  d e g r e e s  (95OF - 
78OF) is  t o  v i r t u a l l y  e l i m i n a t e  t h e  h e a t  g a i n .  Vhen 
viewed o v e r  t h e  c o u r s e  o f  a  24-hour d a y ,  t h e  r o o f  
s p r a y  c o o l i n g  s y s t e m ,  i n  a d d i t i o n  t o  e l i m i n a t i n g  t h e  
h e a t  g a i n ,  c a n  a c t u a l l y  draw h e a t  from t h e  i n t e r i o r  
o f  t h e  b u i l d i n g .  
DEVELOP!lEST OF ROOF SPRAY COOLISG 
C o o l i n g  t h e  e x t e r i o r  o f  a  r o o f  t h r o u g h  t h e  
e v a p o r a t i o n  o f  w a t e r  h a s  been  a r o u n d  f o r  some time. 
The B r a z i l i a n s  u s e d  a  n e t w o r k  o f  open  c o n d u i t  on t h e i r  
r o o f s  t h r o u g h  which w a t e r  f l o w e d ,  a c t i n g  b o t h  a s  a  
s i m p l e  a i r  c o n d i t i o n e r  and  a s  a  w a t e r  h e a t e r .  The 
I n d i a n s  c o o l e d  r a i l w a y  c a r s  t h r o u g h  t h e  u s e  o f  b u r l a p  
p l a c e d  on  t h e  t r a i n ' s  r o o f ,  which  was v e t t e d  from 
s t a t i o n  t o  s t a t i o n .  
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I n  t h e  U. S . ,  t h e  method h a s  b e e n  e m p l o y e d ,  o r  
r a t h e r ,  r e c o g n i z e d ,  s i n c e  t h e  1 9 3 0 ' s .  Dr .  Willis 
C a r r i e r ,  t h e  acknowl-edged f a t h e r  o f  m e c h a n i c a l  a i r  
c o n d i t i o n i n g ,  was a  p r o p o n e n t  o f  t h e  method .  When 
a s k e d  why h e  d i d  n o t  u s e  t h e  i d e a  h i m s e l f ,  h e  r e -  
p l a i e d  t h a t  h i s  b u s i n e s s  was t h e  m a n u f a c t u r e  o f  com- 
p r e s s o r s  a n d  r e l a t e d  e q u i p m e n t  o n l y ;  e v e n  s o ,  Dr.  
C a r r i e r  e n c o u r a g e d  t h e  d e v e l o p m e n t  o f  r o o f  s p r a y  
c o o l i n g  ( 1 ) .  
Roof s p r a y  c o o l i n g ' s  r e l a t i v e  n e g l e c t  o v e r  t h e  
y e a r s  s i n c e  t h e  30's c a n  b e  a t t r i b u e d  t o  w h a t  m i g h t  
b e  c a l l e d  a  l a c k  o f  e l e g a n c e ;  and  d e s i g n e r s  a n d  manu- 
f a c t u r e r s  o f  r o o f  s p r a y  c o o l i n g  s y s t e m s  h a v e  o n l y  
c o n t r i b u t e d  t o  t h e  p r o b l e m  by a p p r o a c h i n g  i t  i n  a  
f a i r l y  c r u d e  a n d  t y p i c a l l y  u n s o p h i s t i c a t e d  manner .  
I n i t i a l l y ,  t h e  me thod  o f  d i s t r i b u t i o n  employed  
was i m p a c t  s p r a y h e a d s  o r  l a w n  s p r i n k l e r  h e a d s ,  w h i c h ,  
w h i l e  more e f f e c t i v e  t h a n  n o t h i n g  a t  a l l ,  r e s u l t e d  
i n  r o o f  w a t e r  c o v e r a g e  t h a t  was b o t h  uneven  a n d  e x -  
c e s s i v e .  I n  a d d i t i o n ,  d u e  t o  t h e  amount  o f  p r e s s u r e  
r e q u i r e d  t o  c h a r g e  s u c h  a  s y s t e m  w i t h  w a t e r ,  pumps 
a n d  s t o r a g e  t a n k s  w e r e  r e q u i r e d .  The  o f f / o n  c o n t r o l  
o f  t h e s e  s y s t e m s  was e i t h e r  m a n u a l  o r  a  s i m p l e  
s o l e n o i d / t h e r m o s t a t  mechan i sm,  which  t y p i c a 1 . l ~  
s p r a y e d  e i t h e r  t o o  much o r  t o o  l i t t l e  w a t e r .  
T h e s e  f i n d i n g s  l e d  t o  t h e  d e v e l o p m e n t  o f  a  
"punched p i p e "  s y s t e m .  W i t h  punched  p i p e  s y s t e m s ,  
h o l e s  a r e  punched  o r  m i l l e d  i n t o  " s t i c k s "  o f  c o p p e r  
o r  pvc p i p e .  T h e s e  h o l e s  g e n e r a l l y  a r e  l o c a t e d  
1 - 13" a p a r t  a l o n g  t h e  l e n g t h  o f  t h e  p i p e  a t  t h e  10 
o ' c l o c k  a n d  2  o ' c l o c k  p o s i t i o n s .  When p r o p e r l y  
c h a r g e d ,  t h e s e  p i p e s  s p r a y  w a t e r  i n  much s m a l l e r  
d r o p l e t s  t h a n  t h e  i m p a c t  h e a d s ,  a n d  consequen t1 .y  
h a v e  a  b e t t e r  c o v e r a g e  p a t t e r n .  A l s o ,  b e c a u s e  l e s s  
w a t e r  p e r  l i n e  is u s e d ,  t h e  u s e  o f  a  pump a n d  s t o r -  
a g e  t a n k  is u n n e c e s s a r y .  U n t i l  a b o u t  two y e a r s  a g o ,  
t h e  c o n t r o l  s y s t e m  on  t h e s e  punched  p i p e  s y s t e m s  
d i f f e r e d  l i t t l e  f r o m  t h o s e  u s e d  i n  t h e  30's a n d  4 0 ' s .  
Some a r e  s t i l l  s o l d  w i t h  a  m e c h a n i c a l  cam t i m e r  s y s -  
t e m ,  t h o u g h ,  mos t  o f t e n ,  t o d a y  a n  e l e c t r o n i c  c o n t r o l  
s y s t e m  is employed .  
T h e r e  a r e  two m a j o r  d r a w b a c k s  t o  t h e s e  punched  
p i p e  s y s t e m s ,  d i s c o u n t i n g  c o m p l e t e l y  t h e  c o n t r o l s :  
- F i r s t  - T h e  amount  o f  w a t e r  s p r a y e d  f r o m  t h e  
p i p e  i s  s t i l l  e x c e s s i v e ;  s t u d i e s  h a v e  shown t h a t  
a p p r o x i m a t e l y  t w i c e  a s  much w a t e r  i s  u s e d  a s  i s  
n e c e s s a r y  ( 4 ) .  T h u s ,  u s u a l l y  t h e  p r e s s u r e  d r o p  a c -  
r o s s  a  l i n e  o r  a n  e n t i r e  f i e l d  ( u n l e s s  i t  is r e l a -  
t i v e l y  s m a l l )  c a u s e s  " l e a k e r s " .  T h i s  o c c u r s  w h e r e  
t h e  w a t e r  p r e s s u r e  is n o t  h i g h  enough  t o  f o r c e  t h e  
w a t e r  o u t  o f  t h e  h o l e s  w i t h  enough  f o r c e  t o  c a u s e  t h e  
w a t e r  t o  b r e a k  i n t o  a  m i s t .  T h i s  r e s u l t s  i n  u n e v e n  
s p r a y  p a t t e r n s  a n d  less t h a n  a d e q u a t e  c o v e r a g e .  
- Second  - M a i n t e n a n c e  o f  t h e s e  s y s t e m s  i s  
r a t h e r  i n v o l v e d .  T h e  i n f l u x  o f  a n y  f o r e i g n  m a t t e r ,  
i n c l u d i n g  s u c h  t h i n g s  a s  s a n d ,  c l o g s  up  t h e  h o l e s .  
I n  a d d i t i o n ,  b e c a u s e  i t  is  i m p o s s i b l e  t o  f i l t e r  t h e  
w a t e r  j u s t  p r i o r  t o  i ts  i s s u e  f r o m  t h e  h o l e s ,  a n d  
b e c a u s e  t h e  h o l e s  a r e  punched  d i r e c t l y  i n t o  c o p p e r  
p i p e ,  which  o x i d i z e s  a n d  c a p t u r e s  a n y  p r e c i p i t a t e s  
f rom t h e  w a t e r ,  t h e  h o l e s  f r e q u e n t l y  n e e d  t o  b e  
c l e a n e d  w i t h  a  b r u s h  f r o m  t h e  o u t s i d e ,  a n d  a n n u a l l y  
t h r o u g h  s w a b b i n g  t h e  i n s i d e  o f  e a c h  p i p e .  
MAKING ROOF SPRAY COOLING MOST EFFECTIVE 
Two s p e c i f i c  a d v a n c e s  i n  r o o f  s p r a y  c o o l i n g  
t e c h n o l o g y  h a v e  s e r v e d  t o  o p t i m i z e  t h e  e f f e c t i v e n e s s  
o f  r o o f  c o o l i n g  s y s t e m s ,  w h i l e  m i n i m i z i n g  t h e  c o s t  
o f  o p e r a t i o n .  
S p r a y h e a d s  D e s i g n e d  f o r  Roof S p r a y  C o o l i n g  
A l o n e .  The  d e s i g n  a n d  m a n u f a c t u r e  o f  l o w  vo lume  
s p r a y h e a d s ,  d e v e l o p e d  s p e c i f i c i a l l y  f o r  r o o f  s p r a y  
c o o l i n g ,  s o l v e  a  number o f  p r o b l e m s  t h a t  p l a g u e  s y s -  
t e m s  u t i l i z i n g  o l d e r  ( c i r c a  1 9 3 0 )  punched  p i p e  t e c h -  
n o l o g y .  
T h e s e  new s p r a y h e a d s  a r e  d e s i g n e d  s o  t h a t  t h e  
vo lume  o f  w a t e r  a n d  t h e  d i r e c t i o n  o f  t h e  w a t e r  m i s t  
c a n  be a l t e r e d  i n  a  v a r i e t y  o f  ways .  Each  s p r a y h e a d  
c a n  be m o d i f i e d  s o  t h a t  i t  s u p p l i e s  t h e  r i g h t  amount  
o f  w a t e r  i n  t h e  c o r r e c t  p a t t e r n  f o r  i ts  s p e c i f i c  l o -  
c a t i o n  on  t h e  s y s t e m .  E a r l i e r  r o o f  c o o l i n g  s y s t e m s  
u t i l i z i n g  punched  p i p e  p e r m i t t e d  o n l y  o n e  p a t t e r n  
a n d  amount  o f  w a t e r  f l o w .  M o r e o v e r ,  a l t e r a t i o n  o f  
t h e  s p r a y  p a t t e r n  o r  w a t e r  f l o w  s t o o p a g e  was o f t e n  
a  p r o b l e m  c a u s e d  by c l o g g i n g  o r  o x i d a t i o n  o f  t h e  
s p r a y  h o l e s ;  t h e  i n t e g r i t y  o f  t h e  h o l e  c o u l d  b e  
damaged e v e n  d u r i n g  s h i p p i n g .  I n  a d d i t i o n ,  d u e  t o  
t h e  f a c t  t h a t  t h e s e  punched  h o l e s  w e r e  r e l a t i v e l y  
l a r g e  i n  d i a m e t e r  a n d  o n l y  12"-18" a p a r t ,  t h e  f a l l  
i n  p r e s s u r e  a c r o s s  a  l i n e  a n d  t h e  amount  o f  w a t e r  
u s e d  w e r e  g r e a t .  Very  s e l d o m  d i d  a  l i n e  s p r a y  u n i -  
f o r m l y  a c r o s s  i ts l e n g t h .  
W i t h  t h e  new r o o f  s p r a y  c o o l i n g  s p r a y h e a d ,  
w a t e r  c a n  b e  d i r e c t e d  away f r o m  a n y  e q u i p m e n t  o n  t h e  
r o o f  t o p ,  a n d  c a n  b e  a p p l i e d  i n  v a r y i n g  a m o u n t s  t o  
t h e  r o o f  s u r f a c e .  T h e  i n d i v i d u a l  f i l t e r s  i n  e a c h  
s p r a y h e a d  i n h i b i t  c l o g g i n g  o f  t h e  s p r a y h e a d  o r i f i c e .  
U n l i k e  t h e  o l d e r  s y s t e m s ,  w h i c h  o f t e n  r e q u i r e d  r e g u -  
l a r  a n d  l a b o r i o u s  b r u s h i n g  o u t  o f  e a c h  s p r a y  h o l e .  
t h e  s p r a y h e a d  m a i n t e n a n c e ,  i f  n e c e s s a r y ,  is  a s  e a s y  
a s  u n s c r e w i n g  t h e  h e a d  f r o m  i t s  b a s e  a n d  back-  
f l u s h i n g  t h e  f i l t e r .  F i n a l l y ,  t h e  c o n s t r u c t i o n  o f  
t h e  s p r a y h e a d s  makes  them s t u r d y  e n o u g h  t o  b e  
g u a r a n t e e d  f o r  t h e  l i f e  o f  t h e  r o o f  s p r a y  s y s t e m .  
M i c r o p r o c e s s o r - B a s e d  C o n t r o l  S y s t e m .  U n t i l  
r e c e n t l y ,  t h e  t y p i c a l  r o o f  s p r a y  c o o l i n g  s y s t e m  n o t  
o n l y  was a n  a r r a n g e m e n t  o f  punched  p i p e ,  b u t  a l s o  
was  c o n t r o l l e d  by a  m e c h a n i c a l  c o n t r o l  t h a t  c o n s i s -  
t e d  o f  a  number o f  cams  t h a t ,  o n c e  se t ,  w e r e  ex-  
c e e d i n g l y  d i f f i c u l t  t o  a d j u s t ;  i n  f a c t ,  t h e y  had  
o n l y  o n e  s e t t i n g ,  m e a n i n g  t h e  w a t e r  s c h e d u l e  s t a y e d  
t h e  same ,  n o t  o n l y  t h r o u g h o u t  t h e  d a y ,  b u t  t h r o u g h -  
o u t  t h e  e n t i r e  summer c o o l i n g  s e a s o n .  
T h i s  s i t u a t i o n  c a u s e d  c o n s i d e r a b l e  o v e r -  
s p r a y  a n d  p o n d i n g  i n  t h e  r e l a t i v e l y  c o o l e r  m o n t h s  o f  
May a n d  S e p t e m b e r ,  o r  u n d e r s p r a y  a n d  t h u s  l i m i t e d  
e f f e c t i v e n e s s  i n  t h e  h o t  m o n t h s  o f  J u n e  - A u g u s t .  
T h e  u s e  o f  a d v a n c e d  c o n t r o l  s y s t e m s  h a s  e l i -  
m i n a t e d  t h e s e  p r o b l e m s  by m o n i t o r i n g  t e m p e r a t u r e  v a r -  
i a t i o n  t h r o u g h o u t  e v e r y  d a y  o f  t h e  c o o l i n g  s e a s o n ,  
a n d  a l t e r i n g  t h e  amount  o f  w a t e r  a s  t h e  c o n d i t i o n s  
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f o r  o p t i m a l  e v a p o r a t i o n  c h a n g e .  T h u s ,  o n l y  t h a t  s p e -  
c i f i c  amount o f  w a t e r  t h a  c a n  be  e v a p o r a t e d  a t  a  par -  
t i c u l a r  p o i n t  i n  time w i l l  b e  s p r a y e d  by t h e  s y s t e m  
a s  i t  r u n s  from day  t o  day t h r o u g h o u t  t h e  summer. 
T h i s  e l i m i n a t e s  ponding  and o p t i m i z e s  t h e  c o o l i n g  
e f f e c t  o f  t h e  w a t e r .  
ANALYSIS OF ROOF SPRAY COOLING SYSTEM TEST RESULTS 
HOUGHTON, ET AL - ASHVE - PITTSBURGH, PA ( 1 )  
The r e s e a r c h  was c o n d u c t e d  by Houghton,  et  a 1  
( 1 )  a t  t h e  ASHVE R e s e a r c h  Lab i n  P i t t s b u r g h ,  PA. 
A t e s t  b u i l d i n g  was c o n s t r u c t e d  on  which t h e  h e a t  
f l o w  t h r o u g h  v a r i o u s  t y p e s  o f  r o o f s ,  w i t h  a n d  
w i t h o u t  d i f f e r e n t  t y p e s  o f  t r e a t m e n t ,  was measured .  
The i n t e r i o r  o f  t h e  b u i l d i n g  was m a i n t a i n e d  a t  a  con- 
s t a n t  75'F and  50% r e l a t i v e  h u m i d i t y .  The t e s t s  i n -  
v o l v i n g  t h e  s p r i n k l e d  r o o f  were c o n d u c t e d  on  Septem- 
b e r  8. The c a l c u l a t i o n s  w e r e  t h e n  c o r r e c t e d  f o r  t h e  
d e s i g n  day  o f  August  1. The o u t d o o r  d r y  b u l b  tem- 
p e r a t u r e  r a n g e d  f rom 77'F t o  95OF ( t h e  d e s i g n  db tem- 
p e r a t u r e ) ,  w h i l e  t h e  wet  b u l b  t e m p e r a t u r e  r a n g e d  f r o m  
68°F t o  75°F. and t h e r e f o r e  t h e  r e l a t i v e  h u m i d i t y  
v a r i e d  from 64% t o  40% d u r i n g  t h e  day .  
The summary o f  t h e  s t u d i e s  i n d i c a t e d  t h e  f o l -  
lowing  f o r  r o o f  s p r a y  c o o l i n g  and a  c o n c r e t e  a s p h a l t  
r o o f ,  i n  t e r m s  o f  h e a t  f l o w  ( B t u l s q .  f t . / h o u r ) :  
TIME WITHOUT SPRAY WITH SPRAY 
Examina t ion  o f  t h e s e  f i g u r e s  r e v e a l s  t h e  f o l -  
lowing:  
Maximum Heat  Flow ( B t u / s q .  f t . / h o u r ) :  
W i t h o u t  S p r a y  18.0 
With S p r a y  2.1 
Minimum Heat  F l o w  ( B t y l s q .  f t . / h o u r ) :  
Wi thout  S p r a y  -2.3 
With S p r a y  -4.1 
Length  o f  Time w i t h  Z e r o  o r  N e g a t i v e  Heat  Flow: 
W i t h o u t  S p r a y  8 h o u r s  
With S p r a y  1 6  h o u r s  
Average  H e a t  Flow Over  t h e  24-Hour P e r i o d  ( B t u /  
s q .  f t . / h o u r ) :  
W i t h o u t  S p r a y  5 . 8 1  
With  S p r a y  -1.22 
A c c o r d i n g  t o  Houghton ,  e t  a 1  ( I ) ,  t h e  e f f e c t  
o f  w a t e r  i n  t h e  c a s e  o f  t h e  s p r i n k l e d  r o o f  is t o  
g r e a t l y  r e d u c e  t h e  r a t e  o f  h e a t  f l o w  f rom t h a t  found  
f o r  t h e  same p a n e l s  i n  d r y  c o n d i t i o n s .  Of g r e a t e r  
i n t e r e s t ,  however,  is t h e  e f f e c t  o f  t h e  w a t e r  t o  ab- 
s o r b  a  l a r g e  p a r t  o f  t h e  r a d i a n t  h e a t ,  t o  r e t a i n  i t  
and  d i s s i p a t e  i t  back  t o  t h e  a i r  t h r o u g h  t h e  l a t e n t  
h e a t  o f  e v a p o r a t i o n  ( 1 ) .  
YELLOTT - ASHRAE - PHOENIX, AZ ( 4 )  
R a t h e r  t h a n  b u i l d  a n  e n t i r e  s t r u c t u r e  a n d  meas- 
u r e  t h e  r e d u c t i o n  o f  h e a t  f l o w  t h r o u g h  t h e  r o o f  i n t o  
a n  a i r  c o n d i t i o n e d  e n v i r o n m e n t ,  Y e l l o t t  c o n s t r u c t e d  
a n  open  r o o f  d e c k  and  measured  t h e  t e m p e r a t u r e  o f  t h e  
d e c k  i t s e l f ,  w i t h  a n d  w i t h o u t  w a t e r  s p r a y .  T h e s e  
t e s t s  w e r e  c o n d u c t e d  i n  P h o e n i x ,  AZ, a n d  c o n s e q u e n t l y  
t h e  a m b i e n t  c o n d i t i o n s  w e r e  much d i f f e r e n t  f rom 
H o u g h t o n ' s  P i t t s b u r g h  tests. 
F o u r t e e n  t e s t s  were r u n  be tween  J u l y  1 7  and  
Augus t  4 ,  and t h e  Augus t  3 test was  d e s i g n a t e d  by 
Y e l l o t t  as t y p i c a l .  
7L 
7s 
W 
98 
106 
110 
110 
Il l  
110 
103 
98 
.W 
81 
T h e s e  f i g u r e s  r e v e a l  t h e  f o l l o w i n g :  
Maximum T e m p e r a t u r e  o f  t h e  Roof S u r f a c e  (OF): 
W i t h o u t  S p r a y  1 7 7  
With  S p r a y  111 
Average  H o u r l y  T e m p e r a t u r e  D i f f e r e n c e  Between 
Roof S u r f a c e  and  Ambient Air Over t h e  12-Hour Per-1 
i o d  (OF): 
-
W i t h o u t  S p r a y  40 .92/hour  
Wi th  S p r a y  1 .69 /hour  
A s  is e v i d e n t  f rom t h e  earlier s t u d y ,  t h e  I 
s p r a y e d  r o o f  s h i f t s  f r o m  a  h e a t  p a n e l  t o  a  c o o l i n g  
p a n e l  much s o o n e r  a n d  t o  a  g r e a t e r  d e g r e e  t h a n  d o e s  
t h e  u n s p r a y e d  r o o f .  U n f o r t u n a t e l y ,  Y e l l o t t  d i d  n o t  
c o n t i n u e  t o  m o n i t o r  t h i s  c o o l i n g  p a n e l  e f f e c t  o v e r  a 
24-hour p e r i o d .  
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SRIVASTAVA, ET AL - CENTRE OF ENERGY STUDIES, 
INDIA TNSTITUTE OF TECHNOLOGY, JODHPUR, INDIA (3)  
S r i v a s t a v a ,  e t  a 1  ( 3 )  d e s i g n e d  a  d o r m i t o r y  
f o r  s t u d e n t s  i n  J o d h p u r ,  I n d i a ,  which i n c o r p o r a t e d  
a r o o f  s p r a y  c o o l i n g  s y s t e m .  S e v e r a l  methods of  
c o o l i n g  t h e  d o r m i t o r y  were c o n s i d e r e d ,  w i t h  t h e  most  
e f f e c t i v e  b e i n g  t h e  u s e  o f  e v a p o r a t i v e  r o o f  s p r a y  
c o o l i n g  i n  c o n j u n c t i o n  w i t h  " d e s e r t  c o o l i n g  f a n s . "  
Below is  r e p r e s e n t e d  t h e  e f f e c t  o f  mere ly  t h e  
r o o f  s p r a y  c o o l i n g  s y s t e m  on  t h e  i n t e r i o r  tempera-  
t u r e  o f  t h e  un-cooled b u i l d i n g  ( t h a t  i s ,  o p e r a t i n g  
: ~ i t h o u t  f a n s ) :  
TIHE AHBIPWT TDP. INTERIOR TMP. INTERIOR TMP. ROOn TMP. 
('k') ROOn Y/O SPRAY ROCCI Y/ SPRAY DIFFERUlCE 
(-0 ('0 (OF) 
ELECTRICAL CONPONENTS NANUFACTURING PLAKT, RIO 
PIEDRAS, PR 
T h i s  test was per formed by company employees  
i n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  t h e  r o o f  
s p r a y  c o o l i n g  s y s t e m  r e c e n t l y  i n s t a l l e d  on t h e i r  
f a c i l i t y .  I t  was c o n d u c t e d  on two c o n s e c u t i v e  d a y s  
i n  Rio  T i e d r a s ,  PR. As c a n  be  n o t e d ,  t h e r e  was a  
s l i g h t  v a r i a n c e  i n  t h e  a m b i e n t  t e m p e r a t u r e  f rom o n e  
day t o  t h e  n e x t ;  however ,  t h e  r e s u l t s  s t i l l  c o n f o r q  
c l o s e l y  t o  t h e  s t u d i e s  p r e v i o u s l y  d i s c u s s e d .  
TIME AMBIPWT TEW. ROOF SURFACE AHRIKNT TWP. RMF SIIRFACR 
DAY ORE T W .  YIO SPRAY DAY T W  TWP. YI SPRAY 
(*F) (OF) (W (*F) 
A p o r t i o n  o f  t h i s  b u i l d i n g  was a i r  c o n d i t i o n e d  
and m a i n t a i n e d  a t  a  t e m p e r a t u r e  r a n g i n g  from 74.6OF 
t o  80°F d u r i n g  t h e  d a y ,  w h i l e  t h e  t o o l  and  s t o c k  
rooms were u n - a i r  c o n d i t i o n e d ,  a n d  t h e i r  tempera-  
t u r e s  v a r i e d  more w i d e l y ,  d p e n d i n g  on  t h e  e x t e r n a l  
l o a d ;  a  l a r g e  p a r t  of  t h i s  l o a d  n a t u r a l l y  came from 
t h e  r o o f .  
The a i r  c o n d i t i o n e d  p o r t i o n  o f  t h e  p l a n t  was 
m o n i t o r e d  f o r  e l e c t r i c a l  consumpt ion  o f  t h e  a i r  
c o n d i t i o n i n g  u n i t s  b o t h  w h i l e  t h e  r o o f  s p r a y  c o o l -  
i n g  s y s t e m  was and  was n o t  b e i n g  employed.  The 
u n - a i r  c o n d i t i o n e d  a r e a s  were  m o n i t o r e d  f o r  d r y  b u l b  
t e m p e r a t u r e s  o n  b o t h  d a y s .  
Again ,  b e c a u s e  t h e s e  t e s t s  were  r u n  i n  c o n d i -  
t i o n s  t h a t  v a r i e d  from one  day t o  t h e  n e x t ,  a  d i r e c t  
compar i son  c a n n o t  be  made. However, t h e  r e c o r d e d  
d a t a  a r e  a s  f o l l o w s :  
TIWE AVERACE TWp. (*F) 
UH-AIC'D AREA YIO SPRAY 
DAY ONE 
TIME WVER CONSUMPTION (KVA) 
A/C'D ARU Y/O SPRAY 
DAY ONE 
; a.m. 
9 
10 
I I 
I2 p.m. 
1 
2 
3 
4 
5 
AVERAGE 
AVERAGE TMP. ('F) 
UH-AIC'D AREA YI SPRAY 
DAY NO 
A s  n o t e d ,  w h i l e  d i r e c t  c o m p a r i s o n  o f  t h e  d a t a  
g a t h e r e d  f rom t h e s e  t e s t s  must  be u n d e r t a k e n  w i t h  
c a u t i o n ,  t h e  r e d u c t i o n  i n  t h e  i n t e r i o r  t e m p e r a t u r e  
o f  t h e  u n - a i r  c o n d i t i o n e d  a r e a  from Day One ( w i t h o u t  
r o o f  s p r a y )  t o  Day Two ( w i t h  r o o f  s p r a y )  o f  10.5OF 
a t  1:00 p.m. c a n  b e  a t t r i b u t e d  i n  l a r g e  p a r t  t o  t h e  
c o o l i n g  o f  t h e  r o o f .  
The same c a n  be  s a i d  o f  t h e  power consumpt ion  
f o r  t h e  a i r  c o n d i t i o n e d  a r e a ,  w h i c h  was a n  a v e r a g e  
o f  21 .9  k v a / h o u r  l e s s  o v e r  t h e  test p e r i o d  w i t h  t h e  
a p p l i c a t i o n  o f  t h e  r o o f  s p r a y  c o o l i n g  s y s t e m .  
THE CALCULATIONS 
The f o l l o w i n g  i s  a summary o f  t h e  c a l c u l a t i o n s  
i n v o l v e d  i n  u t i l i z i n g  t h e  ASHRAE 1981 Fundamenta l s  
Handbook ' s  ( 2 )  C o o l i n g  Load T e m p e r a t u r e  D i f f e r e n t i a l  
C a l c u l a t i o n s ,  i s o l a t i n g  t h e  r o o f ,  t o  d e t e r m i n e  t h e  
s a v i n g s  a f f o r d e d  by t h e  a p p l i c a t i o n  o f  a  r o o f  s p r a y  
c o o l i n g  s y s t e m  f o r  a  t y p i c a l  f a c i l i t y .  
VARIABLES INCLUDED I N  THE COOLING LOAD CALCULATION 
The f a c t o r s  i n v o l v e d  a r e :  
- The i n t e n s i t y  o f  t h e  s o l a r  r a d i a t i o n  i m p i n g i n g  
on  t h e  r o o f ' s  s u r f a c e .  T h i s  i n  t u r n  d e p e n d s  on  3 
f a c t o r s :  
* The t i m e  of  d a y ;  
* The l a t i t u d e :  and 
%- The t i m e  o f  y e a r .  
- The c o n s t r u c t i o n  o f  t h e  r o o f  a n d  i ts:  
" U-value ; 
* C o l o r ;  and 
-:- R u r a l  o r  u r b a n  l o c a t i o n .  
- The i n t e r i o r  o f  t h e  b u i l d i n g  - its: 
* Design  t e m p e r a t u r e ;  a n d  
+ C e i l i n g ,  plenum o r  f a l s e .  
- The e f f i c i e n c y  o f  t h e  p r e s e n t  m e c h a n i c a l  a i r  
c o n d i t i o n i n g  e q u i p m e n t  a n d  i ts o p e r a t i n g  h o u r s .  
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A l l  o f  t h e s e  f a c t o r s  a r e  c o n s i d e r e d  and  g i v e n  
a  v a l u e  a s s i g n e d  by ASHRAE. 
SUmARY OF THE COOLING LOAD TEMPERATURE DIFFEREN- 
TIAL CALCULATION 
I n  o r d e r  t o  c a l c u l a t e  t h e  h e a t  g a i n / c o o l i n g  
l o a d  t h a t  t h e  r o o f  c o n t r i b u t e s  t o  a  f a c i l i t y ,  t h e  
1981 ASHRAE FundamenLals Handbook i s  employed.  
T h i s  method is  used  by a l l  a i r  c o n d i t i o n i n g  manu- 
f a c t u r e r s  a n d  c o n t r a c t o r s ;  i t  is  known as t h e  
c o o l i n g  l o a d  t e m p e r a t u r e  d i f f e r e n t i a l  method,  o r  
CLTD, f o r  s h n r t .  
T h i s  method b e g i n s  w i t h  t h e  h e a t  f l o w  t h r o u g h  
v a r i o u s  s u n l i t  r o o f s .  The h e a t  g a i n  is  c o n v e r t e d  
t o  c o o l i n g  l o a d  by u s i n g  h e a t  t r a n s f e r  f u n c t i o n s  
f o r  v a r i o u s  t y p e s  o f  r o o f s .  A l l  c a l c u l a t i o n s  a r e  
b a s e d  on s o l - a i r  t e m p e r a t u r e s  and i n t e r i o r  a i r  t e 7 -  
p e r a t u r e s  o f  a  c o n s t a n t  78'F. 
S o l - a i r  t e m p e r a t u r e  is  t h a t  t e m p e r a t u r e  o f  t h e  
o u t d o o r  a i r  w h i c h ,  i n  t h e  a b s e n c e  of  a l l  r a d i a t i o n  
e x c h a n g e ,  would g i v e  t h e  same r a t e  of  h e a t  e n t r y  i n -  
t o  t h e  s u r f a c e  a s  would e x i s t  w i t h  t h e  a c t u a l  com- 
b i n a t i o n  o f  s o l a r  r a d i a t i o n ,  r a d i a n t  e n e r g y  e x c h a n g e  
w i t h  t h e  s k y  and o t h e r  o u t d o o r  s u r r o u n d i n g s ,  and 
c o n v e c t i v e  h e a t  e x c h a n g e  w i t h  t h e  o u t d o o r  a i r .  
These  c a l c u l a t i o n s  a r e  t h e n  d i v i d e d  by t h e  U- 
v a l u e  f o r  e a c h  d i f f e r e n t  t y p e  o f  r o o f ;  t h e  r e s u l t s  
t h u s  o b t a i n e d  a r e  i n  u n i t s  o f  t o t a l  e q u i v a l e n t  CLTD. 
A s p e c i f i c  r o o f ' s  h e a t  f l o w  c h a r a c t e r i s t i c s  c a n  be  
o b t a i n e d  by m u l t i p l y i n g  t h e  CLTD's by t h e  a p p l i c a b l e  
U-value. 
S i n c e  t h e  s o l - a i r  and CLTD's v a r y  d e p e n d i n g  on 
o u t d o o r  t e m p e r a t u r e  a s  w e l l  a s  t h e  i n t e n s i t y  of  t h e  
s o l a r  r a d i a t i o n .  t h e  month a n d  l a t i t u d e  must  be  t a -  
k e n  i n t o  c o n s i d e r a t i o n .  O t h e r  f a c t o r s  i n v o l v e d  are 
r o o f  c o l o r ,  i n d o o r  d e s i g n  t e m p e r a t u r e s  o t h e r  t h a n  
7 a 0 P ,  and  d u c t w o r ! ~  and v e n t i l a t i o n  below t h e  r o o f  
b u t  a b o v e  t h e  c e i l i n g .  
With t h i s  i n  mind,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  
t h e  r o o f  c o o l i n g  l o a d .  We w i l l  u s e  t h e  example  o f  
t h e  50 ,000  s q .  f t .  b u i l d i n g  w i t h  a  b u i l t - u p  r o o f  
h a v i n g  a  U-value of  -207,  used  f o r  l i g h t  manufac- 
t u r i n g ,  i n  t h e  v i c i n i t y  of  A t l a n t a ,  GA. The f a c i l i -  
t y  o p e r a t e s  220  h o u r s  a month. a n d  t h e  a i r  c o n d i -  
t i o n i n g  s y s t e m  i n  u s e  h a s  a n  EER o f  7 . 0 .  The i n -  
t e r i o r  d e s i g n  t e m p e r a t u r e  is 78°F. 
ROOF COOLING ENERGY SAVINGS - STEP-BY-STEP 
F i r s t ,  we must  d e t e r m i n e  t h e  a p p r o p r i a t e  o u t -  
d o o r  d e s i g n  t e m p e r a t u r e .  The b a s e  number o f  85OF 
is b a s e d  o n  a  l a t i t u d e  o f  10 d e g r e e s .  The l a t i t u d e  
o f  A t l a n t a ,  GA is  35 d e g r e e s ,  and  t h e  d e s i g n  temper-  
a t u r e  i s  93°F. w i t h  a  mean d a i l y  r a n g e  of  22°F.  
T h i s  means t h a t  t h e  h i g h e s t  t e m p e r a u t r e  r e a c h e d ,  
on a n  a v e r a g e ,  o v e r  a  15 y e a r  p e r i o d  f o r  J u l y  a t  
3 p.m. is  93OF. a n d  t h a t  t h e  l o w e s t  t e m p e r a t u r e  o n  
t h i s  d a y  w i l l  be  93OF - 22°F o r  71°F. Dur jng  t h e  
d a y l i g h t  h o u r s  w i t h  which w e  a r e  p r i m a r i l y  c o n c e r n e d ,  
t h e  t e m p e r a t u r e  w i l l  r a n g e  f rom 77.4"F t o  93°F a t  
3  p.m. and  w i l l  f a l l  t o  88 .h°F a t  6 p.m. 
By t a k i n g  t h e  a v e r a g e  t e m p e r a t u r e s  d u r i n g  2 
h o u r  p e r i o d ,  we g e t  87.8"F.  T h i s  w i l l  be  u s e d  t 
c o r r e c t  t h e  s t a n d a r d  o u t d o o r  d e s i g n  t e m p e r a t u r e  
85°F.  
HWRLY TMPERATIIRE VARIATTOU 
TIME 9 % & " "  + % $ % E l l  
x RANGE 7 r  23 1 1  A! - 
d b e F  93 93 93 93 93 93 93 93 93 93 
RANGE 22 22 22 22 22 22 22 22 22 22 
To 77.4 80.7 84.4 87.9 90.6 92.3 93.0 92.3 90.8 80.h 
I n  o r d e r  t o  a s c e r t a i n  t h e  h e a t  f l o w  t h r o u g t  
p a r t i c u l a r  r o o f  i n  A t l a n t a ,  we mus t  t a k e  t h e  r o l  
u n c o r r e c t e d  CLTD f o r  t h e  r o o f  and c o r r e c t  i t  f o ~  
LM ( l a t i t u t d e  month c o r r e c t i o n  f o r  a  h o r i z o n t a l  
s u r f a c e ) ,  K ( c o l o r  a d j u s t m e n t  f a c t o r  f o r  r o o f ,  t 
1.0 b e i n g  d a r k  o r  l i g h t  c o l o r e d  i n  a n  i n d u s t r i a :  
a r e a ) ,  and  f  ( a  f a c t o r  f o r  a t t i c  f a n s  a n d / o r  duc 
a b o v e  t h e  c e i l i n g ,  w i t h  1 . 0  b e i n g  no  a t t i c  o r  dl 
We a l s o  c o r r e c t  f o r  i n s i d e  a n d  o u t s i d e  t e m p e r a t l  
d e s i g n  d i f f e r e n c e s .  We t h e n  p r o c e e d  t o  d e v e l o p  
t h e  c o r r e c t e d  CLTD's on a n h o u r l y  ba5i.s t h r o u g h o u ~  
a v e r a g e  day  i n  J u n e ,  p s r  t h e  f o l l o w i n g  c a l c u l a t :  
CLTD ( c o r r e c t e d )  = (: 
[CLTD + LN) x K + ( 7 s  - r r )  + (T, - a)] x E 
HWRLY CMLING WAD TMPERATURE DIFFEREHTlAL 
SOLAR TIME [ v l  2. 10 I6 18 10 Hr I v  
CLTD (uncorr.) ! 4 ~ % % # % # ~ 5 9 ~  62.3 
m 1 1 1 1 1 1 1 1 1 1 1  
CLTD + In 35 50 62 72 79 80 78 71 60 46 
K 1 1 I 1 I I 1 l I 1 I  
(CLTD + M)K 35 50 62 72 79 80 78 71 60 45 
7 8 . F - T r .  T r - 7 8 0  0 0 0 0 0 0 0 0 0 
To - 85'F To - 87.8 2.8 2.8 2.8 2.a 2.8 2.8 2.8 2.8 2.8 2.8 , 
f 1 1 1 1 1 1 1 1 1 1 1  
CLTD (corr.) - 3e 53 65 75 e i  83 ei 70 63 49 62 .3 /  
A f t e r  c o m p l e t i n g  t h i s ,  we t a k e  t h i s  a v e r a g e  
d a i l y  CLTD and  a d j u s t  i t  o v e r  t h e  c o u r s e  o f  a n  en- 
t i r e  summer, p u l l i n g  o u t  b o t h  t h e  a v e r a g e  CLTD and 
t h e  peak  CLTD f o r  t h e  v a r i o u s  summer months.  
AVERAGE W M l i L Y  CMLlNC WAD TWPERATURE DIF'FERPWTIAL 
PEAK lYWmnY CMLINC LOAD TFWERATURE DIFFERWIIAL 
WKM [ V ]  April & June Julv Aw. Sept. no. A V R . ,  CLTD(uncarr.) 79 79 79 79 79 79 79 79 
m -1 1 2 1 -I -5 
CLTD + m 78 80 81 80 78 74 
K 1 I I 1 1 1 1  
(CLTD m)K 78 BO 81 80 78 74 1 
78.P - T- T. - 78 0 0 0 0 0 0 
r .  
To - 85.P To - 87.8 2.8 2.8 2.8 2.8 2.8 2.8 
f 1 1 1 1 1 1 1  
CLTD (corr.) 80.0 82.8 83.8 82.8 80.8 76.8 81.3 . 
Once we h a v e  t h e  h e a t  f l o w  t h r o u g h  t h e .  r o o f  p e t  
s q u a r e  f o o t ,  we t r a n s l a t e  them i n t o  kWand kwh 
t h r o u g h  t h e  s t a n d a r d  h e a t  f l o w  f o r m u l a :  I 
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Q = [UA x CLTD(corr.)] X hrs./mo. x EER x 1,000 ( 3 )  
where U = U-value 
A = Aree of roof 
CLTD(corr.) = Heat flow in BTU1s/sq. ft . /  
hr. 
hrs./mo. = The number of hours per 
month the facility and air 
conditi.oning equin~ent are in 
operation 
Energy Efficiency Batio of 
the mechanical air condi- 
ti.oning equipment in place 
(ranges from 6.0 to 9.5, in 
general, or an efficiency of 
50-80%) 
EER = 
ENERGY REDUCTION & ELECTRICITY SAVINGS 
MONTH MO. AVG. MO. USAGE MO. PEAK MO. DMAND 
CLTD(corr.) kWh/Mo. * CLTD(corr. ) kW/Mo. ** 
April 60.1 20,846 80.8 119.4 
May 66.1 21,497 82.8 122.4 
June 67.1 21,822 83.8 123.9 
July 66.1 21,097 82.8 122.0 
August 64.1 20,846 80.8 119.0 
September 60.1 19,545 76.8 113.5 
TOTAL 126,053 721.1 
U - .207 EBR - 7.0 
A - 5 0 , W  sq. i t .  Ilrs./Mo. - 220.0 
** Honthkly Demand (kU/fk.) . 
JU I A x CLTNcorr.)l  
EER x 1.W 
(5)  
Finally, we can translate the heat flow into: 
equivalent air conditioning tonnage to show the 
amount of air conditioning tonnage required to 
provide comparable cooling capacity. 
AIR CONDITIONING TONNAGE EQUIVALENCIES 
Equation: Q = U x A x CLTD(corr.) 
where U = ,207 
A = 50,000 sq. ft. 
CLTD(corr.) 64.6 (Average) 
83.8 (Peak) 
AVERAGE SAVINGS: 
Q = Avg. Btu/Hr. Reduction = 666,465.1 
A/C Avg. Tonnage Equivalence 
[Btu/hr.]/12,000 Btu's per Ton = 55.7 
-
PEAK SAVINGS: 
Q = Peak Btu/Hr. Reduction = 857,185.1 
A/C Peak Tonnage Equivalence 
[Btu/hr.]/12,000 Btu's per Ton = - 72.3 
EVALUATING ROOF SPRAY COOLING SYSTENS 
I. Existing Buildings 
A. Air Conditioned 
1. Sufficient mechanical air conditioning 
tonnage - will reduce energy consumption 
and cost 
2.  Insufficient mechanical air condition- 
ing - may eliminate need to purchase ad- 
ditional tonnage 
B. Un-Air Conditioned 
1. Purchase of air conditioning under con- 
sideration - permits purchase of fewer 
tons 
2. To remain un-air conditioned - will re- 
duce interior temperature by 4-10°F, 
improving worker comfort and productivity 
or product integrity. 
: I. Proposed Buildings 
A .  To Be Air Conditioned - requires less tonnage 
E. To Be Un-Air Conditioned - particularly valu- 
able in warehouses where perishables are 
stored (see I.8.2., above). 
?OOP SPRAY COOLING - A VIABLE ALTERNATIVE 
-
The reason for the resurgence of interest in and 
use of roof spray cooling system is their evolution 
over the past few years from inherent theoretical 
acceptance to effective practical application. 
Through advances in system engineering and design -- 
chief among them being the advent and ut.ilization of 
microprocessor controls and low volume, low main- 
tenance sprayheads -- the "low tech" idea of roof 
spray cooling has been adapted to fit the needs of a 
high tech world. Through sophisticated design, 
energy analysis, and system control, roof spray 
cooling has become an eminently viable cooling and 
energy conservation alternative for the 80's and 
beyond. Rather than acting as a mere add-on and in 
isolation, the roof spray cooling system can be 
integrated intg a facility's complete HVAC system to 
increase building operating efficiency and to 
generate substantial cost savings. 
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From these calculations, the value of roof 
spray cooling systems in various situations can be 
determined. 
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